Ten benzamidinium salts of carboxylic acids, amides and sulfonamides have been crystallized from solution. Single-crystal X-ray analyses revealed various hydrogen bonding motifs which are discussed in terms of supramolecular synthons and graph sets. Benzamidinium hydrogen maleate (5a) crystallizes as large needles of up to > 3 cm length. Attempts to influence the crystal habit and size through a change of solvent and the presence of additives yielded a second polymorph (5b). The formation of the benzamidinium salts by mechanochemical reaction was also investigated. Grinding of benzamidine with nicotinic acid, salicylic acid, paminobenzoic acid, cyanuric acid, pimelic acid, saccharin and sulfathiazole with mortar and pestle or using a ball-mill gave compounds identical to those obtained by crystallization from solution. Time-dependent X-ray powder patterns of a stoichiometric benzamidine/cyanuric acid mixture suggested that the mechanochemical salt formation occured via the amorphous state. Ball-milling of benzamidine with sulfamerazine generated amorphous benzamidinium sulfamerazinate that was stable towards crystallization for at least two weeks, when stored at 25 % relative humidity.
INTRODUCTION
The amidine functional group (RC(=NH)NH2) is an important pharmacophore that is present in a large number of drugs and pharmaceuticals. Amidines display a variety of pharmacological activities and have applications as antibacterial and antifungal drugs (e. g.
propamidine, dibromopropamidine), antimicrobial (e. g. hexamidine, pentamidine), antiparasitic, antibiotic (e. g. amdinocillin), antiviral (e. g. taribavirin, ribavirin), antiinflammatory, cardiovascular, anti-diabetic, central nervous system and antineoplastic drugs. [1] [2] [3] [4] [5] [6] [7] Due to the similarity of the amidine group to the guanidine group of L-arginine, amidines can interact with the L-arginine binding site of NO synthase. 8 Several benzamidine derivatives are potent competitive inhibitors of trypsin-and trypsin-like enzymes and serineproteases. 9, 10 Furthermore, amidines can act as thrombin and topoisomerase inhibitors 9, 10 and as antagonists of the P2X7 and M1 muscarimic receptor. 11 Sugar amidines have been investigated as inhibitors of carbohydrate-processing enzymes. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Amidines are strong bases and are usually protonated under physiological conditions.
Various amidines are formulated as salts such as alkylsulfonates. The positively charged amidinium group has four protons that can form strong charge-assisted hydrogen bonds to the counterion. Here we report the crystal structures of a range of benzamidinium salts of carboxylic acids, amides and sulfonamides. In all cases, extensive H bonding interactions give rise to 1D, 2D or 3D supramolecular structures.
Furthermore, we have studied the mechanochemical synthesis of crystalline benzamidinium salts. Mechanochemistry has recently been recognized as an attractive alternative to the traditional solution crystallization method. 24 The mechanochemical preparation of salts -either by manual grinding with a mortar and pestle or in a mixer milloffers various advantages such as the inherent 'green' nature and ease of experimental design. 25, 26 As a modification of neat grinding, solvent-drop or liquid-assisted grinding, i.e.
grinding in the presence of sub-stoichiometric amounts of solvent, can be applied as a screening tool for salt formation and new crystal forms. 27 
MATERIALS AND METHODS
Benzamidine, nicotinic acid, salicylic acid, p-aminobenzoic acid, maleic acid, malonic acid, pimelic acid, cyanuric acid, saccharin, sulfathiazole, and sulfamerazine were purchased from Sigma Aldrich. Commercial sulfathiazole and sulfamerazine were polymorphs form III and I, respectively, as confirmed by X-ray powder diffraction. Solvents were of analytical or spectroscopic grade, purchased from commercial sources and used without further purification.
Preparation of Single Crystals of 1 -10. 50 mg (0.42 mmol) benzamidine was dissolved in 2 mL H2O (1, 4, 5a), methanol (6-10), acetone (2) or isopropanol (3) . A solution of 0.42 mmol of the respective carboxylic acid, amide or sulfonamide in 2 mL of the same solvent was added and the mixture was left to stand at room temperature to allow for slow evaporation of the solvent. Colourless crystals appeared within a few days. Solid-state and Solvent-drop Grinding. Method A. Benzamidine (300 mg, 2.5 mmol) and 1 equivalent of the respective carboxylic acid, amide or sulfonamide were placed in a mortar and the mixture was ground manually for 5 minutes.
Preparation of Single
Method B. Benzamidine (300 mg, 2.5 mmol) and 1 equivalent of the respective carboxylic acid, amide or sulfonamide were placed in a mortar. After addition of one drop of solvent, the mixture was ground manually for 2 minutes. Then another drop of solvent was added and grinding was continued for another 3 minutes.
Method C. Benzamidine and 1 equivalent of the respective carboxylic acid, amide or sulfonamide (600 mg in total) were combined with or without the addition of 50 L solvent.
The mixtures were ground for 20 minutes in an oscillatory ball mill (Mixer Mill MM400, Retsch GmbH & Co., Germany) at 25 Hz using a 25 cm 3 stainless steel grinding jar and one 12 mm stainless steel ball. Any small amount of solvent present was allowed to evaporate and the resulting material was characterized by X-ray powder diffraction.
Instrumentation. FT-IR spectra were recorded on a PerkinElmer FT-IR spectrometer fitted with an ATR accessory. DSC experiments were performed on a STA625 thermal analyzer from Rheometric Scientific. The heating rate was kept constant at 10 °C min -1 unless stated otherwise and all runs were carried out from 25 °C to 250 °C. The measurements were made in open aluminum crucibles, nitrogen was used as the purge gas in ambient mode, and calibration was performed using an indium standard.
X-ray Powder Diffraction. X-ray powder patterns of samples obtained by grinding or crystallization from solution were recorded on an Inel Equinox 3000 powder diffractometer between 5 and 90  (2θ) using Cu Kα radiation ( = 1.54178 Å, 35 kV, 25 mA). Theoretical powder patterns for 1-10 were calculated using the Oscail software package.
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Crystal Structure Determination and Refinement. Crystal data for 1-10 were collected at room temperature on an Agilent (formerly OxfordDiffraction) Xcalibur CCD diffractometer using graphite-monochromated Mo-K radiation (= 0.71069 Å). 29 The structures were solved by direct methods and subsequent Fourier syntheses and refined by fullmatrix least squares on F 2 using using SHELXS-97 and SHELXL-97 30, 31 within the Oscail package. 28 The scattering factors were those given in the SHELXL program. Hydrogen atoms were located in the difference Fourier maps and refined isotropically (1, 2, 4, 5a, 5b, 7-10) or generated geometrically and refined as riding atoms with isotropic displacement factors equivalent to 1.2 times those of the atom to which they were attached (3, 6). Graphics were produced with ORTEX. 28 Crystallographic data and details of refinement are reported in Tables 1 and 2 . , R (12), 4 4 and R (8) 4 2 rings consisting of two carboxylate anions and two benzamidinium cations, R (16) 6 4 rings built up by three carboxylate and three benzamidinium groups and R (24) 8 6 rings containing four carboxylate and four benzamidinium groups are observed (Scheme 1). , (c) R (8) 4 2 , (d) R (16) 6 4 , (e) R (12), R (24) 8 6 and 4 4 (g) R (n) 4 4 motifs in salts derived from mono-and dicarboxylic acids. , R (8) 4 2 and R (24) 8 6 ring motifs observed in bzamH + pab -(3). Similar to 1, hydrogen bonding interactions between the benzamidinium and carboxylate groups give rise to an undulated sheet structure that is stabilized by stacking interactions between adjacent aromatic rings. There are two crystallographically independent bzamH + pab -ion pairs per unit cell building up crystallographically independent sheets that are linked through H bonding interactions between the p-amino groups. (Figure 3c ). The amino groups of sheet A act as H bond donors, while those of sheet B serve as H bond acceptors. group, while in a protonated carboxyl group the C-O bonds differ by  0.08 Å. 32 The hydrogen malonate anion is known to adopt different conformations and H bonding schemes in its salts. In the sodium, 33 ammonium 34 and methylammonium 35 salts, hydrogen malonate ions are linked into chains by short intermolecular H bonds with the two carboxyl groups being nearly perpendicular to each other. H bonded chains of hydrogen malonate anions are also present in the potassium salt, however, the two carboxyl groups are co-planar. 36 By contrast, an extremely short asymmetric intramolecular H bond (graph-set notation S(6);
Speakman's type B) is observed in guanidinium, 37 benzylammonium, 4-picolinium, 38 melaninium hydrogen malonate, 39 and in partially deuterated sodium trihydrogendimalonate with a nearly planar conformation of the monoanion. 40 In trimethoprim hydrogen malonate the carboxyl and carboxylate groups form an intramolecular H bond and the dihedral angle is 18.8(2)º. As in the guanidium salt, the hydrogen malonate anion in 4 is stabilized by a short intramolecular H bond of Speakman's B2 type. 41 The O … O distance of 2.422 (2) synthon. In addition, O1 accepts a second H bond from N2 of the neighbouring bzamH + … malo -pair resulting in an R (8) 4 2 ring.
Furthermore, hydrogen bonding interactions between N1 and the carbonyl oxygen of the protonated carboxyl group generate 16-membered rings (R (16) 4 4 , Scheme 1g). Overall, the charge-assisted N-H … O hydrogen bonds in 4 give rise to a ribbon-type structure. In the crystal packing, ribbons stack along the body diagonal of the unit cell. There are no hydrogen bonds between neighboring tapes. , R (8) 2 2 , R (8) 4 2 , R (18) 4 4 , R (6) 2 1 , and R (12) 4 4 rings. In contrast to malonic and maleic acid, pimelic acid forms a 2:1 salt with benzamidine.
As shown in Figure 6 , both carboxylate groups are involved in the R (8) In addition to the R (8) 2 2 motif in 8, four smz anions are linked into 22-membered rings through H bonds between the amino substituent on the phenyl ring and the SO2 group ( Figure   7c ). As both amino hydrogens and both sulfonyl oxygens participate in H bonding, a motif of fused R (22) 4 4 rings results. It should be noted that only one of the endocyclic nitrogens of the smz anion (the one para to the methyl group) acts as a H bond acceptor in 8. and R (12) 4 4 motifs and discrete hydrogen bonds in benzamidinium amidates and sulfonamidates. . In contrast to 7 and 8, only one of the oxygens of the sulfonyl group of saccharinate is involved in H bonding. motif, Figure 9 ). Hydrogen bonding interactions of the benzamidinium group with the deprotonated (N3,O1) amide site result in the heteromeric R (8) 2 2 synthon.
heteromers associate through hydrogen bonding between an amidinium proton and O2, thus generating R (12) 4 4 rings leading to a double layer-type 2D structure ( Figure 9 ). The water molecules of crystallization are situated between the double layers and hydrogen bond with the amidine nitrogens and amide O2 oxygens of neighbouring layers.
Among the larger rings that contain at least two cations and two anions, the most frequently found motifs in the benzamidinium salts studied here are centrosymmetric R (8) 4 2 and R ( ) 4 4 rings with n most often being 12. However, these motifs are absent in 1 and 9 that both crystallize in the non-centrosymmetric space group P21. Instead, 1 and 9 are the only structures in which cations and anions assemble into non-centrosymmetric R (16) Thus, the crystal growth of 6 is determined by conventional  stacking interactions rather than by hydrogen bonding. In 10, the 2D network of R (8) , R (8) 4 2 , R (18) 4 4 , R (6) 2 1 , and R (12) 4 4 rings run perpendicular to the ab plane. Again, the needle growth is in the stacking direction (Supporting Information). Extended growth in the stacking direction of flat molecules such as benzoic acid, 1,4-naphthaquinone and -phthalocyanine has been discussed in the literature. 45 It has been proposed that the formation of a new step in the stacking direction is a low energy process which will give growth in that direction a kinetic advantage. Our own recent study on the anisotropic crystal growth of flat and non-flat molecules with H bonding capacity has shown for 12 representative examples that extended needle growth is in the stacking direction, i.e. in the direction of the weaker interaction. 46 We have argued that a growth mechanism driven by dispersion forces should be dispersion forces, molecules are less likely to be incorporated incorrectly. As 5a shows the most extreme growth in the stacking direction, this salt was selected to study the effect of solvent and additives on crystal size and shape. 5a was crystallized from ethanol, saline and from solutions containing heterocyclic additives that may interfere with crystal growth via - stacking with bzam. As evident from Figures 10b and c, both ethanol and saline gave a larger number of smaller and shorter needles. The XRPD patterns of the needles grown from ethanol and saline were identical to the simulated pattern of 5a. The lower the polarity of the solvent, the stronger is the interaction between ion pairs in solution.
Ethanol should favour the association of the heterodimers in solution leading to increased nucleation at the expense of crystal growth. By contrast, in aqueous solution crystal growth prevails over nucleation as clearly seen in Figure 10a . The influence of inorganic salts on the growth of -glycine and DL-alanine crystals has recently been discussed in the literature. 47 Coulombic ion-surface interactions (which are stronger than solvent-surface interactions) can have two opposing effects: surface roughening (i.e. the generation of more kinks or defects) which promotes face growth and surface blocking which inhibits face growth by preventing solute molecules from integrating into the crystal lattice. [47] [48] [49] It has been proposed that the net effect of inorganic salt ions is determined by the strength of the ion-surface interaction with the crystal surface blocking effect outweighing the surface-roughening effect, when the interaction is very strong. In 5a planar bzamH + … male -dimers are stacked in the needle growth direction. Two different scenarios are possible: (1) benzamidinium cations and maleate anions attach as dimers to the growing crystal face. There is no net positive or negative charge and interactions of the Na + and Cl -ions with crystal faces are expected to be weak. Surface blocking leading to shorter needles could be caused by cation- interactions, however, Figure 10c shows that the needles are also thinner compared to those obtained from water. This suggests the second scenario (2) in which the bzamH + cations and male -anions attach to the growing crystal surface independently from each other and interactions with the saline ions hinders growth in all directions.
When 5 mol% 2-pyridine-carbaldehyde or 2-picolylamine was added to the solution, large, cubic crystals formed alongside needle-like 5a (Figure 10d ). Cubes and needles were manually separated and a small plate was cut from one of the cubes for single-crystal strcture determination. X-ray analysis revealed that the cubic crystals were a second polymorph (5b) of bzamH + male -( Figure 11 ). The asymmetric unit of 5b comprises two crystallographically independent cations and two hydrogen maleate anions. Both hydrogen maleate anions feature (Table S1 ). As in 5a, the R (8) 2 2 motif is present as the deprotonated carboxylate groups of both anions pair with the benzamidinium group. The carbonyl oxygen of the protonated carboxyl group of both anions interacts with the benzamidinium nitrogens which gives rise to 16-membered rings. Figure 11 . Hydrogen bonding motif in 5b.
The structure of 5b is that of a 3D hydrogen-bonded network and is not stacked. The cubic habit means that there is no preferred growth direction and this further supports the importance of stacking interactions in anisotropic crystal growth. In the absence of additives, only 5a is observed, while 5a and 5b cocrystallize in the presence of 2-pyridin-carbaldehyde and 2-picolylamine. In the latter case it was also noted that 5a grew more slowly and the needles had a smaller aspect ratio. This may be attributed to the aromatic additives interacting with the growing crystal surface through - interactions and hindering growth in the stacking direction, thus giving polymorph 5b a kinetic advantage over 5a.
Salt Formation via Solid-State and Liquid-Assisted Grinding. When bzam was ground with one equivalent of nicotinic acid, salicylic acid, p-aminobenzoic acid, sulfathiazole, saccharin or with 0.5 equivalents of pimelic acid using a mortar and pestle, the XRPD patterns of the ground mixtures were identical to the theoretical powder patterns generated from the single crystal data of 1-3, 7, 9 and 6 (Supporting Information). Grinding with malonic acid gave a hygroscopic, sticky material that could not be further analysed.
Neat grinding of an equimolar mixture of benzamidine and maleic acid gave polymorph 5b. The same polymorph was obtained by liquid-assisted grinding with polar (ethanol, methanol) or non-polar (toluene) solvents. On grinding the isolated crystals of 5a for 5 min. in the absence or presence of a drop of ethanol (using a mortar and pestle), a polymorphic transformation to 5b was observed (Supporting Information). The formation and conversion of the two polymorphs of bzamH + male -is summarised in Scheme 3.
Scheme 3. Polymorphism of bzamH + male -.
The changes in the XRPD patterns of a stoichiometric mixture of smz and bzam upon grinding under different conditions are displayed in Figures S12 and S13. Smz has three known polymorphs; commercial form I (FI), 42 form II 43 which is the most stable polymorph at r.t. and form III which was discovered in 2006 and can be prepared in milligram quantities only. 44 The X-ray powder diffractogram recorded after grinding smz FI / bzam for 5 min.
showed unchanged smz FI. Adding a drop of ethanol prior to grinding had no effect.
However, the benzamidinium salt 8 was formed, when grinding was performed in a ball mill for 20 min. in the presence of substoichiometric amounts of ethanol ( Figure S12 ).
Interestingly, in the absence of any solvent, the XRPD pattern recorded after 20 min. ballmilling showed an amorphous halo ( Figure S13 ). The diffractogram did not change, when the milling time was extended to 60 min. The solid remained X-ray amorphous, when kept at 25 % relative humidity (RH) for two weeks. A detailed study on the effect of ball-milling of smz in the absence and presence of various carboxylic acids has been previously reported by us. 50 It was found that fully X-ray amorphous smz can only be obtained by cryo-milling, when the low temperature prevents re-crystallization during milling and that even when stored under vacuum, crystallisation occurs within a few hours. Certain carboxylic acids were shown to stabilize the amorphous phase by forming a co-amorphous system with smz, while milling of smz FI at r.t. in the absence of additives resulted in the polymorphic transformation to FII.
Co-amorphous systems are of interest for the formulation of BCS (Biopharmaceutical Classification System) class II and IV drugs due to the enhanced dissolution properties of the amorphous phase. In view of this it was of interest to distinguish whether the rapid amorphisation during r.t. milling and the higher stability of the amorphous 1:1 smz/bzam mixture compared to amorphous smz alone were due to the formation of the amorphous salt or a co-amorphous system. The most prominent band in the IR spectrum of smz is the sharp, strong band of the symmetric stretching vibration of the sulfonyl group at 1150 cm -1 . This band is shifted to 1122 cm -1 in the spectrum of the amorphous solid. A shift of this magnitude is likely due to the deprotonation of the sulfonamide group rather than to a change in hydrogen bonding interactions as would be the case in a co-amorphous system. When the amorphous bzam/smz was stored at 72 % RH, crystallisation occurred within 24 h. The XRPD pattern, however, is different from that of the simulated pattern of 8 ( Figures S12 and   S13 ). On the other hand, the IR spectra of 8 and of the recrystallized sample are very similar.
Again, the sy(S=O) band is shifted to a lower wavenumber (1117 cm -1 ) consistent with the presence of a deprotonated sulfonamide group. This led us to the conclusion that the recrystallized sample is another polymorph of 8 (8a) and that co-milling of bzam with smz generates an amorphous salt rather than a co-amorphous solid. Given the 4.5 pH units difference in pKa value, salt formation between bzam and smz can be predicted, but would be expected to be more difficult under solvent-free conditions than the formation of a coamorphous system due to the charge separation associated with the proton transfer (see below). It is noteworthy that dry-milling 8 also leads to amorphisation (Scheme 4).
The DSC plot of the amorphous phase obtained by ball-milling a 1:1 mixture of bzam and smz features two exotherms at 97.5 and 117.8 °, when a heating rate of 10 degrees/min is applied ( Figure S14 ). The occurrence of two distinct crystallization exotherms in the DSC traces of cryomilled organic glasses has been discussed in the literature. Different mechanistic models for bimodal crystallization (when the crystallization into different polymorphs or a polymorphic transformation can be excluded) have been suggested. Some authors propose the milling-induced formation of a defective crystalline state as a phase thermodynamically distinct from the true amorphous glass, 51, 52 while others explain the two-peak crystallization event by a surface crystallization model involving faster surface crystallization due to the higher surface mobility followed by crystallization of bulk glass at higher temperature. 53, 54 Chattoraj et al. have studied the crystallization behaviour of ten organic glasses prepared by cryomilling and shown that bimodal crystallization is observed when the crystallization onset (Tc) is below or near the glass transition temperature (Tg), whereas the crystallization event is unimodal, when Tc is well above Tg. 54 As evident from Figure S14 we do not observe a Tg in the standard DSC traces which is not surprising, as it would be buried by the first crystallization exotherm. When the heating rate is increased form 10 degrees/min to 30 degrees/min, the first crystallization exotherm shifts from 97.5 to 104.1 °C ( Figure S14 ).
Furthermore, the peak area of the first exotherm decreases while that of the second one increases. This behaviour is in line with the surface crystallization model. The slower the heating rate, the lower the temperature of the crystallization onset. At a slower heating rate more time is available for the surface to crystallize completely. 54 In addition to the two wellresolved exotherms, a small, broad exotherm appears at 176.1 °C which may be due to a polymorphic transformation. When a sample of 8a is heated to 130 °C, a slow conversion to 8 takes place with diffraction peaks of 8 appearing after 30 min ( Figure S15 ). 
